Kinetics of the sorption of the herbicide, pendimethalin (3,4-Dimethyl-2,6-dinitro-N-pentan-3-ylaniline) on four soil samples obtained from the banks of Rivers Benue and Katsina-Ala, in Central Nigeria was studied by contacting 5.0 g soil samples with 100 mL 7 × 10 −6 M herbicide solution. The sorption was monitored by following the herbicide concentration in the aqueous phase spectrophotometrically at one hour intervals for 5 hours (at 25˚C, 35˚C, 45˚C, 55˚C and 65˚C, respectively). Pseudo-first order kinetics treatment of the data showed that sorption rates as well as the accompanying activation energies were low, indicating that physical adsorption is the operative mechanism for its retention in the soils and that the herbicide tended to reside more in the aqueous phase, which raised its potential to contaminate natural water systems, when applied on the field.
Introduction
The use of herbicides in the Lower Benue Valley (6˚15' -8˚00'N; 6˚15' -11˚00'E) in Central Nigeria is not only on the increase, but also indiscriminate. This is because the area has a predominantly agrarian economy and one of the major problems farmers face is the aggressive growth of weeds which negatively affects farm produce. Among other herbicides [1] , pendimethalin (3,4-Dimethyl-2,6-dinitro-N-pentan-3-yl aniline, Figure 1 ), a preemergence herbicide effective against many annual grasses and broadleaf weeds enjoys widespread use in the area. Being a soil-applied herbicide, once applied, it is taken up by the roots and/or hypocotyls of the target weeds, interfering with their growth, and eventually killing them. It has been noted, for a long time, that the efficacy of soil-applied herbicides depends, in part, on soil type [2] . Performance is further influenced by herbicide adsorption. According to Wauchope and Koskinen [3] , sorption is a major factor controlling herbicide activity, mobility and persistence in soil. It also determines the quantity of herbicide in soil solution and thus the amount that is available to be leached [4] . Thus, for effective assessment of the mobility and pollution potentials of herbicides to be made and for better understanding of the fate of these chemicals in soil, a good knowledge of their sorption behaviour, including kinetics, in different soil types is desired. While pendimethalin is known to adsorb strongly to soil organic matter and clay, soils in the Lower Benue Valley are generally low in organic matter and clay [5] . It is, therefore, expected that this herbicide effective against many annual grasses and broadleaf weeds may be highly mobile in them and so may pose a surface and groundwater contamination hazard in the area. Considering that it is a suspected carcinogen [6] , it is not subject to microbial degradation and only slight losses of the herbicide may be expected from photodecomposition and volatilization on the field (its soil half-life is found to be 90 days [7] , it is imperative that its fate in the Lower Benue Valley environment, where it is widely used, is investigated. The aim of this study is, therefore, to investigate the sorptive behaviour of pendimethalin in selected soils in the area, since there is little or no information on this in the literature.
Materials and Methods

Soil Sampling and Preparation
Soil samples were taken at the surface horizon (0 -25 cm) at four different locations along the banks of Rivers Benue and Katsina-Ala, where both rain-fed and irrigation agriculture (vegetable cropping) is very active. The samples were identified as follows: 1) RB1 Benue River bank (7.746756N 8.61755E) 2) RB2 Benue River bank (7.748797N 861755E) 3) RKA1 Katsina-Ala River bank (7.194838N 9.287592E) 4) RKA2 Katsina-Ala River bank (7.154097N, 9.285760E) The whole soil samples, each weighing 1.5 kg, were taken to the Chemistry Laboratory, University of Agriculture, Makurdi, in black polythene bags and subsequently spread in a dust-free wooden cupboard to air-dry. After air-drying (7 days), the samples were gently crushed and sieved using a 2 mm sieve/shaker. The <2 mm soil fraction was retained for sorption studies.
Pendimethalin
The commercial formulation of the herbicide (500EC i.e. 500 g/L) as used by farmers, was purchased from Lado Agrochemicals Company, Katsina-Ala. This was used without purification to simulate the condition in which it reaches the soil in practice.
Determination of Some Physico-Chemical Properties of Soil Samples
Laboratory soil samples moisture content was determined using the method employed by Charturvediand Sankar [8] ; pH was determined using a portable pH meter (Jenway Digital Meter model 3505) after calibration at pH 4 and 7. Electrical conductivity was measured directly using a portable conductivity meter (HACH C0150 model). Organic matter was determined using the dichromate method, while Cation Exchange Capacity (CEC) was determined at pH 7 using 1M ammonium acetate. In each case, three replicate readings were taken and the mean calculated.
Sorption Kineticsstudies
A wavelength scan of the herbicide solution was done using chloroform from 370 nm to 480 nm to determine the wavelength of maximum absorption λ max for use in the sorption experiments; this was found to be 416 nm compared to 437 nm in the literature [9] . The experimental λ max was used in this study. For each soil sample, 5.0 grams were placed in a 250-mL glass-stoppered conical flask. Hundred (100) mL of standard pendimethalin solution (7 × 10 −6 M) was added and the volume made up to 250 mL with distilled water. Five sets of experiments were conducted at 25˚C, 35˚C, 45˚C, 55˚C and 65˚C using an incubator. At one-hour intervals, aliquots of the solutions were withdrawn, cooled, centrifuged and the herbicide concentration in the supernatant determined spectrophotometrically using the UV-Visible spectrophotometer at 416 nm. At each stage, the difference between the concentration of pendimethalin added and the one found in the supernatant was used to calculate the amount of the herbicide adsorbed after definite time intervals. All readings were triplicated and mean values used. Table 1 gives the physicochemical properties of the soil samples: the low moisture content in storage showed that the soils were well dried as at the point of analysis; the pH values indicate the soils are fairly acidic under field conditions, as their CECs are typical of soils in the Lower Benue Valley [10] . While the soils from the banks of the River Benue (RB1 and 2) have high clay contents, the soils from the banks of River Katsina-Ala (RKA1 and 2) are largely sandy loam in nature. Overall, the soils have organic matter content typical of their alluvial origins. Table 2 shows kinetic parameters (in the temperature range of 25˚C -65˚C) which were calculated from slopes of pseudo-first order kinetic plots (of natural logarithm of amount of pendimethalin adsorbed (Q) versus time (t, in hours), in accordance with Equation (1).
Results
where, k r is the pseudo-first order rate constant. The linearity of the plots (with negative slopes), gave support to the primary assumption that the sorption considered in this study followed first order kinetics [11] . From the rate constants, the sorption half-life (a measure of the persistence in the aqueous phase) of pendimethalin was calculated appropriately (Equation (2)). 1 2 0.693
Application of the linearized Arrhenius Equation (3) (plots of lnk r vs. 1 T , where, T = absolute temperature) 
gave access to the activation energy (E ‡ ) for the sorption process in the soils.
Discussion
Of the four soil samples studied, percentage clay was highest in sample RB2 followed by sample RB1, RKA1 and RKA2 in that order ( Table 1) . Soil samples RB1 and RB2 with the highest percentage clay also had the highest percentage organic matter. For example, it was earlier noted that the more clay or organic matter present in a soil, the higher the CEC [12] . This was the case for soil samples RB1 and RB2, which also showed high water -holding capacities (moisture content in storage of circa 1% compared to <1% for the other soil samples).
The pH values of all the soil samples were less than 7, and generally within the same acidic range ( Table 1) . On the whole, the soils have properties that are expected of soils in this area of Nigeria. Sorption rate constants obtained from the pseudo-first order kinetics treatment of the data were low ( Table 2) and half-lives relatively long, although they showed no clear trend for samples RKA1 and RKA2. However, adsorption rates on samplesRB1 and RB2 showed an increase in adsorption rate with temperature, similar to observations by [11] who studied dazomet adsorption on natural adsorbents. This trend was in agreement with the fact that the amount of a pesticide adsorbed in soils is related to the organic carbon contents of the soils [13] . Torrents and Jayasundera [14] also conducted the sorption study of non-ionic pesticides and found that the intensity of adsorption was a function of herbicide and clay contents. Nevertheless, Shimizu and Liljestrand [15] reported that there was no relationship between sorption and organic carbon in soils in the case of low organic carbon soils. Therefore, soil organic carbon and clay contents may not have been the only factors relevant to pendimethalin adsorption in this study. This fact may have been responsible for the unclear adsorption trend in soil samples RKA1 and RKA2. The activation energies (E ‡ ) obtained in the study ranged from 10.3 kJ•mol −1 to 10.9 kJ•mol −1 . According to Bansal [16] , activation energies of 10 -28 kJ•mol −1 represent physical adsorption. Since the calculated values of E ‡ were within this range, it implied that only physical adsorption of the herbicide on soil surfaces must have taken place. This was expected, looking at the molecular structure of the herbicide. Low sorption ensured a longer residency time of the herbicide in the aqueous phase (half-lives of about 6 hours generally), suggesting that pendimethalin could be fairly mobile (susceptible to leaching transport) in the soils under study and hence could easily contaminate ground-and surface water resources in the area.
Conclusion
In conclusion, rate constants, half-lives and activation energies of adsorption of pendimethalin on four soil samples obtained from the Lower Benue Valley in Central Nigeria were determined in this study, along with some physicochemical parameters of the soils. Physicochemical parameters showed significant variations in line with what is known about tropical soils. Values of sorption rate constants, half-lives and activation energies indicated low adsorption rates on soil samples. Activation energies indicated physical adsorption of the herbicide. On the whole, results in the study showed that the herbicide has potential to cause contamination of surface and ground waters by its persistence through leaching and runoff because of its low adsorption.
